Soil mixtures with various materials such as scraps of rubber tire, iron powder, and synthetic fibers have been widely used in civil engineering for experimental research or infrastructure construction and maintenance. However, these materials are not only expensive, but may also result in environmental concerns. In recent years, sawdust, because of its light-weight, inexpensive, and environmental friendly characteristics, has frequently been used in the shaking table test to adjust the dynamic properties of experimental soil. However, the dynamic properties of a sand-sawdust mixture for the shaking table test are still unclear. In this paper, the dynamic properties and the hysteresis curve characteristics of the sand-sawdust mixture as well as the influence of the sawdust content and confining pressure on the dynamic properties were studied using a series of consolidated drained dynamic triaxial tests. The test results show that, with the increase of the shear strain, the shape of the hysteresis loops changes from symmetrical willow-leaf to asymmetry sharp-leaf. For a given confining pressure, both the shear modulus and damping ratio decreases as the sawdust percentage increases. It was observed that, with an increase in confining pressure, the shear modulus increased while the damping ratio decreased slightly in the shear strain range of 10 −3 to 7 × 10 −3 . It was also observed that the maximum shear modulus increased as the confining pressure increased, while the maximum damping ratio remained nearly constant. In addition, both the maximum shear modulus and the maximum damping ratio decreased as the sawdust content increased. Finally, the normalized shear modulus and damping ratio were established, which can be used in simulations using the shaking table test.
Introduction
Seismic responses of the soil-structure interaction system are frequently demanded in engineering applications, particularly those involving large project construction. Due to the complexity of soil properties, the shaking table test is often used to investigate the seismic response of systems and to check the validity of the theory. The reliability of these model test results depends on the design of the dynamic similarity between the model system and the prototype system. To meet the requirement of similarity between the natural frequency of the original system and that of the test system, various materials are added to the soils used as the model soil for experiments. Materials may include iron powder or iron crystal sand [1, 2] , synthetic fibers [3] [4] [5] [6] , or rubber particles [7] [8] [9] [10] . However, iron powder and synthetic fibers are expensive, and the rubber particles may introduce environmental problems. Sawdust, a light-weight, inexpensive, and environmentally friendly material, is frequently used in practical engineering. Applications include its use as an additive in concrete or in amended lateritic clay as a landfill liner to retain heavy metals [11] [12] [13] [14] [15] .
Researchers have conducted many studies on the engineering properties of soils or of soil mixtures with various additives. The factors affecting the dynamic properties of engineering soil have also been widely studied. Li [16] studied standard sand and clay and indicated that the loading frequency had a significant influence on the dynamic properties of clay. Aggour [17] presented equations for the determination of the shear modulus, Young's modulus, and damping of sandy soils. Hashash et al. [18] and Hardin et al. [19] found that the dynamic shear modulus and damping ratio of soil were influenced by confining pressure, loading cycles, effective average principal stress, etc. Qi et al. [20] and Wichtmann et al. [21, 22] found that the cyclic and dynamic loading history markedly affected the dynamic properties of saturated clay and dry sand. Similar to real soil in practical engineering applications, it is necessary to investigate the dynamic characteristics of the soil-sawdust mixture. Shang et al. [23] and Chen et al. [24] studied clay-sawdust mixtures, and indicated that the consolidation stress and confining pressure were very significant factors influencing the shear modulus of the mixture. Yan et al. [25] also showed that the shear modulus of the sand-sawdust mixture was notably affected by the sawdust content. As the soil-sawdust mixture can easily obtain different shear wave velocities by changing the sawdust content in the soil mixture, it has been widely used in shaking table tests [26] [27] [28] [29] [30] .
Extensive testing for the dynamic properties of the sand-sawdust mixture have not been conducted, therefore, it is inadequately understood how the content ratio of the sand and sawdust, as well as the confining pressure affect the shear modulus and damping ratio. In this paper, a series of consolidated drained dynamic triaxial tests were carried out on sand-sawdust mixtures to investigate how the shear modulus and damping ratio varied with shear strain. The strain behavior of the mixture was captured with tests covering a range of strain amplitude from approximately 10 −4 to 10 −2 and a confining pressure for the triaxle test (σ 3 ) equal to 10 kPa, 20 kPa, 50 kPa, 100 kPa, 150 kPa, and 200 kPa. The samples were mixed with several different percentages of sawdust and sand. The variation of shear modulus and damping ratio with the percentage of sawdust and confining pressures are presented.
Experimental Program

Apparatus and Measurements
The cyclic triaxial tests were conducted on a global distribution system(GDS) triaxial apparatus as shown in Figure 1 . The main performance parameters of the apparatus are shown in Table 1 . In this apparatus, the vertical stress is applied by a servo loading system, and the confining pressure and back pressure are applied through a digital pressure controller. The bottom end of the sample is rigidly fixed on a base pedestal connected with a drive mechanism, and the top end of the sample is fixed with an acrylic hood on which a displacement sensor to record the axial displacement of sample is attached. The maximum shear stress (τ d ) and shear strain (γ d ) are obtained by:
where σ d is axial stress; r is radial strain; and ε is axial strain. 
Material and Sample Preparation
In the sand-sawdust mixture, the sawdust was mixed with sand at percentages of sawdust equal to 20%, 25%, 33%, and 40% by weight and mixed to achieve a fairly uniform distribution of the sawdust within the soil mass. The density expresses the degree of compactness of the tested mixture [31, 32] . In addition, according to the range of density and water content adopted in the usual shaking table tests, the content of sand and sawdust were determined. The water content and density of each mixture are presented in Table 2 . M5 was pure sand for comparison. The specimens for the dynamic triaxial test were shaped into solid cylinders that were 39.1 mm in diameter and 80 mm in height. The laboratory-created specimens were constructed in a metal split mold ( Figure 2 ) covering a rubber membrane. The samples of the sand-sawdust mixtures were prepared in five layers of precisely equal mass and sequentially compacted from the bottom to top of the mold. Each layer was compacted to a specified height to reach the required density. Finally, the split mold was removed, and the sample was placed in the triaxial cell as shown in Figure 1b . 
In the sand-sawdust mixture, the sawdust was mixed with sand at percentages of sawdust equal to 20%, 25%, 33%, and 40% by weight and mixed to achieve a fairly uniform distribution of the sawdust within the soil mass. The density expresses the degree of compactness of the tested mixture [31, 32] . In addition, according to the range of density and water content adopted in the usual shaking table tests, the content of sand and sawdust were determined. The water content and density of each mixture are presented in Table 2 . M5 was pure sand for comparison. The specimens for the dynamic triaxial test were shaped into solid cylinders that were 39.1 mm in diameter and 80 mm in height. The laboratory-created specimens were constructed in a metal split mold ( Figure 2 ) covering a rubber membrane. The samples of the sand-sawdust mixtures were prepared in five layers of precisely equal mass and sequentially compacted from the bottom to top of the mold. Each layer was compacted to a specified height to reach the required density. Finally, the split mold was removed, and the sample was placed in the triaxial cell as shown in Figure 1b . Figure 2 . The metal mold for the construction of the specimens. Figure 2 . The metal mold for the construction of the specimens.
Testing Procedure
In total, 11 specimens were prepared and tested in the dynamic triaxial apparatus. The testing program is summarized in Table 3 , where the f represents the loading frequency and σ 3 represents the confining pressure. A typical loading curve is shown in Figure 3 , which included 10 cycles for each stage and the stress increment for each load stage was 5 kPa until the specimen was broken. In each test, it took about 30 min for isotropic consolidation when the consolidation deformation curve was stable. Then, ten cyclic loadings with constant amplitude sine waves were applied to the specimens under stress-controlled conditions for each loading stage.
Tests No. 1 to 5 were conducted to study the effect of sawdust content. In the shaking table test, sand-sawdust is mainly used as the deposit soil, therefore the typical confining pressure was chosen as 100 kPa. Tests No. 6 to 11 were conducted to study the effect of confining pressure with a sawdust content equal to 33%, which is the typical content in a shaking table test. 
In total, 11 specimens were prepared and tested in the dynamic triaxial apparatus. The testing program is summarized in Table 3 , where the f represents the loading frequency and 3 σ represents the confining pressure. A typical loading curve is shown in Figure 3 , which included 10 cycles for each stage and the stress increment for each load stage was 5 kPa until the specimen was broken. In each test, it took about 30 min for isotropic consolidation when the consolidation deformation curve was stable. Then, ten cyclic loadings with constant amplitude sine waves were applied to the specimens under stress-controlled conditions for each loading stage. Tests No. 1 to 5 were conducted to study the effect of sawdust content. In the shaking table test, sand-sawdust is mainly used as the deposit soil, therefore the typical confining pressure was chosen as 100 kPa. Tests No. 6 to 11 were conducted to study the effect of confining pressure with a sawdust content equal to 33%, which is the typical content in a shaking table test. 
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Test Results and Discussion
Synopsis of Stress-Strain Hysteresis Loop
The typical shear stress versus shear strain of the sand-sawdust mixture is shown in Figure 4a , and included 21 loading stages and 10 cycles for each loading stage for the specimen in test no. 2. Figure 4b is the close and detailed observation of the tenth loading stage. As shown in Figure 4b , if the loading was constant, the hysteretic loop gradually shifted to the right, which was a result of plastic strain accumulation. However, the shape of the hysteresis loops was kept unchanged. Therefore, for each of the loading stages, based on Specification of Soil Test [31] , the dynamic shear modulus (G d ) and damping ratio (λ) of each hysteretic cycle were calculated. Then, the average values of the dynamic shear modulus and damping ratio of the 10 hysteretic cycles were taken as the dynamic shear modulus and damping ratio of the loading stage.
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(a) (b) Figure 5a shows the hysteresis loops of the fifth cycle under each loading stage for test no. 2. As the cyclic loading progressed, there was a progressive increase in the area of the hysteresis loops, indicating that the energy consumed increased under the cyclic loading. As a result, a corresponding change of the loop shape was also observed. The hysteresis loop was almost symmetrical, like a willow leaf at small strain, but showed more asymmetry with the increase in the shear strain, taking a shape more like a sharp leaf. In addition, the slope of the vertex line of the hysteretic loop decreased gradually as the loading stage increased, indicating that the dynamic shear modulus decreased. In the eleventh loading stage, the positive strain amplitude decreased gradually while the negative strain amplitude increased rapidly, and the hysteresis loop moved significantly to the left, as shown in Figure 5b . Meanwhile, it was also observed that the sample showed an obvious necking phenomenon, as shown in Figure 6 , indicating that the specimen had been destroyed. Therefore, when sorting the experimental data, the data before the hysteresis loop moved to the left may be adopted. Figure 5a shows the hysteresis loops of the fifth cycle under each loading stage for test no. 2. As the cyclic loading progressed, there was a progressive increase in the area of the hysteresis loops, indicating that the energy consumed increased under the cyclic loading. As a result, a corresponding change of the loop shape was also observed. The hysteresis loop was almost symmetrical, like a willow leaf at small strain, but showed more asymmetry with the increase in the shear strain, taking a shape more like a sharp leaf. In addition, the slope of the vertex line of the hysteretic loop decreased gradually as the loading stage increased, indicating that the dynamic shear modulus decreased. In the eleventh loading stage, the positive strain amplitude decreased gradually while the negative strain amplitude increased rapidly, and the hysteresis loop moved significantly to the left, as shown in Figure 5b . Meanwhile, it was also observed that the sample showed an obvious necking phenomenon, as shown in Figure 6 , indicating that the specimen had been destroyed. Therefore, when sorting the experimental data, the data before the hysteresis loop moved to the left may be adopted.
the eleventh loading stage, the positive strain amplitude decreased gradually while the negative strain amplitude increased rapidly, and the hysteresis loop moved significantly to the left, as shown in Figure 5b . Meanwhile, it was also observed that the sample showed an obvious necking phenomenon, as shown in Figure 6 , indicating that the specimen had been destroyed. Therefore, when sorting the experimental data, the data before the hysteresis loop moved to the left may be adopted. There was a marked decrease of Gd at a given strain amplitude for an increase in sawdust content from 20% to 40%, which was exhibited as the d d -G γ curve moved down, as shown in Figure 7a . The shear modulus of the sawdust was far less than that of the sand, thus the increase in sawdust content reduced the decrease of Gd. Figure 7b shows that the increase in sawdust content led to a decrease of λ. This is expected because sawdust is almost an elastic material, the damping of which is less than that of sand. With the increase in sawdust content, the damping ratio of the sand-sawdust mixture decreased. Figure 7 illustrates, in a straightforward way, the effect of sawdust content on the G d -γ d and λ-γ d curves of the sand-sawdust mixture. The mixture showed typical characteristics of conventional soil. With the increase of γ d , the G d decreased while the λ increased, and the G d -γ d and λ-γ d curves showed the same trend at different ratios.
Effect of Sawdust Content
There was a marked decrease of G d at a given strain amplitude for an increase in sawdust content from 20% to 40%, which was exhibited as the G d -γ d curve moved down, as shown in Figure 7a . The shear modulus of the sawdust was far less than that of the sand, thus the increase in sawdust content reduced the decrease of G d . Figure 7b shows that the increase in sawdust content led to a decrease of λ. This is expected because sawdust is almost an elastic material, the damping of which is less than that of sand. With the increase in sawdust content, the damping ratio of the sand-sawdust mixture decreased. from 20% to 40%, which was exhibited as the d d -G γ curve moved down, as shown in Figure 7a . The shear modulus of the sawdust was far less than that of the sand, thus the increase in sawdust content reduced the decrease of Gd. Figure 7b shows that the increase in sawdust content led to a decrease of λ. This is expected because sawdust is almost an elastic material, the damping of which is less than that of sand. With the increase in sawdust content, the damping ratio of the sand-sawdust mixture decreased.
(a) (b) Figure 7 . Shear modulus and damping ratio versus shear strain amplitude for the sand-sawdust mixture with various sawdust contents with the confining pressure of 100 kPa. (a) Shear modulus versus shear strain amplitude; (b) damping ratio versus shear strain amplitude.
Effect of Confining Pressure
In Figure 8 , the effect of confining pressure was depicted for six specimens with sawdust contents equal to 33% by mixture weight. As expected, the increase in the shear strain amplitude reduced the shear modulus and increased the damping ratio. When d γ reached a certain value, Gd and λ tended to be a fixed value. 
In Figure 8 , the effect of confining pressure was depicted for six specimens with sawdust contents equal to 33% by mixture weight. As expected, the increase in the shear strain amplitude reduced the shear modulus and increased the damping ratio. When γ d reached a certain value, G d and λ tended to be a fixed value. Figure 8a shows that the increase of confining pressure led to the overall upward movement of G d -γ d curves, indicating that the dynamic shear modulus increased continuously. Due to the compaction effect of confining pressure on soil mass, the greater the confining pressure, the greater the degree of compactness of the soil sample, and the stronger its resistance to soil deformation. As shown in Figure 8b , the λ-γ d curves of different confining pressures were almost identical when the γ d fell outside the range of 0.1%~0.7%, and the λ slightly decreased as σ 3 increased. 
Normalized Shear Modulus and Damping
Maximum Dynamic Shear Modulus
According to the former results [19] , the variation of 1/Gd with shear strain can be expressed as 
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Maximum Dynamic Shear Modulus
According to the former results [19] , the variation of 1/G d with shear strain can be expressed as
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where a = 1/G max and b = 1/τ max . Parameter b expresses the slope of the 1/G d -γ d curve, and the inverse of the y-intercept is G max . On making use of the results of the test, the maximum dynamic shear modulus G max and reference shear strain γ r (where γ r = a/b) values were fitted for various sawdust content (Figure 7a ), as listed in Table 4 . Note that the increase in sawdust content led to a decrease in the γ r values and G max values. The fitting results of various confining pressure (Figure 8a ) are summarized in Table 5 . There was an increase of G max for greater confining pressures.
The G max -σ 3 curve was fitted by the Janbu empirical formula [33] and expressed as:
where G max is the maximum dynamic shear modulus; P a is normal atmospheric pressure; and K and n are fitting parameters. Figure 9 is the fitting curve for G max and σ 3 with K = 0.1603, n = 0.8708, and R 2 = 0.9271. where Gmax is the maximum dynamic shear modulus; Pa is normal atmospheric pressure; and K and n are fitting parameters. Figure 9 is the fitting curve for Gmax and 3 σ with K = 0.1603, n = 0.8708, and R 2 = 0.9271. Figure 10 represents the effect of sawdust content and confining pressure on the G/Gmax-logγ of the mixture. In the figure, the makers are the experimental data and the lines are associated with the fitting curves in the same color. Figure 10a indicates that the G/Gmax values were reduced as the sawdust content increased and the G/Gmax values of the sand-sawdust mixture were significantly smaller than that of pure sand. However, at the same shear strain amplitude, as indicated by Figure  10b , when the confining pressure was no greater than 100 kPa, the G/Gmax increased with the increase in the confining pressure. However, this trend was reversed when the confining pressure was greater Figure 10 represents the effect of sawdust content and confining pressure on the G/G max -logγ of the mixture. In the figure, the makers are the experimental data and the lines are associated with the fitting curves in the same color. Figure 10a indicates that the G/G max values were reduced as the Appl. Sci. 2019, 9, 3863 9 of 13 sawdust content increased and the G/G max values of the sand-sawdust mixture were significantly smaller than that of pure sand. However, at the same shear strain amplitude, as indicated by Figure 10b , when the confining pressure was no greater than 100 kPa, the G/G max increased with the increase in the confining pressure. However, this trend was reversed when the confining pressure was greater than 100 kPa. The G/G max values were smaller for a confining pressure of 200 kPa when compared to 150 kPa at any shear strain amplitude level. The phenomenon was caused by the different changing speeds for G and G max with confining pressures. Figure 10 represents the effect of sawdust content and confining pressure on the G/Gmax-logγ of the mixture. In the figure, the makers are the experimental data and the lines are associated with the fitting curves in the same color. Figure 10a indicates that the G/Gmax values were reduced as the sawdust content increased and the G/Gmax values of the sand-sawdust mixture were significantly smaller than that of pure sand. However, at the same shear strain amplitude, as indicated by Figure  10b , when the confining pressure was no greater than 100 kPa, the G/Gmax increased with the increase in the confining pressure. However, this trend was reversed when the confining pressure was greater than 100 kPa. The G/Gmax values were smaller for a confining pressure of 200 kPa when compared to 150 kPa at any shear strain amplitude level. The phenomenon was caused by the different changing speeds for G and Gmax with confining pressures. 
Normalized Shear Modulus
Maximum Damping Ratio
According to the Hardin-Drnevich model [19] , the relationship between damping ratio λ and shear strain amplitude γ d can be expressed as:
where λ max is the maximum damping ratio and α is a constant. Equation (5) can also be expressed as
On the logarithmic coordinate, Equation (6) can be expressed as
When G d = 0, the inverse of the y-intercept is λ max . The slope of the line is α. According to Equation (5), the damping ratio varying with dynamic shear strain in Figure 7b was fitted, and the maximum damping ratio λ max and damping ratio parameter α values are listed in Table 6 . Note that the increase in sawdust content led to a decrease of α values and λ max values. This represents that the maximum damping ratio λ max decreased as the sawdust content increased. According to Equation (5), the damping ratio varying with dynamic shear strain in Figure 8b was also fitted, and the maximum damping ratio λ max and damping ratio parameter α values are listed in Table 7 . One can see from Table 7 that the α values increased with the increase in the confining pressure, but the maximum damping ratios fluctuated closely around 0.18 with the increase in confining pressure, which further indicated that the confining pressure had little influence on the maximum damping ratio. Figure 11 represents the effect of sawdust content and confining pressure on the λ-logγ d of the mixture. In the figure, the makers are the experimental data and lines are associated with the fitting curves in the same color. Figure 11a indicates that the sawdust content had a remarkable effect on the λ-logγ d curves in the shear strain range of γ d > 5 × 10 −3 . At the same shear strain amplitude, the damping ratio decreased as the sawdust inclusion increased. This phenomenon can be explained in a way that, when a higher percentage of sawdust is used, the mixture has more elastic deformation at the given confining pressures. Therefore, the λ values decayed as the sawdust percentage increased. Figure 11b shows that in the shear strain range of 10 −4 to 10 −2 , with an increase in confining pressure at the same shear strain amplitude, the λ values decreased for the confining pressures of 20, 50, 100, 150, and 200 kPa. It can also be observed that for σ 3 > 20 kPa, with the increase of σ 3 , the λ values grew faster as the shear strain amplitude increased. For σ 3 > 20 kPa, the increase in the confining pressure caused the mixture to be compressed, and due to the elasticity of sawdust, the plastic strain decreased and caused the damping ratio to decrease. pressure at the same shear strain amplitude, the λ values decreased for the confining pressures of 20, 50, 100, 150, and 200 kPa. It can also be observed that for 3 σ > 20 kPa, with the increase of 3 σ , the λ values grew faster as the shear strain amplitude increased. For σ3 > 20 kPa, the increase in the confining pressure caused the mixture to be compressed, and due to the elasticity of sawdust, the plastic strain decreased and caused the damping ratio to decrease.
(a) (b) Figure 11 . Damping ratio versus the shear strain amplitude for various sawdust contents and confining pressures. (a) Damping ratio versus shear strain amplitude for the various sawdust content. (b) Damping ratio versus shear strain amplitude the various confining pressure.
Summary
In this paper, the dynamic properties of a sand-sawdust mixture and the effect of factors (sawdust content, confining pressure) were investigated by a series of dynamic triaxial tests. Based on the test results, the following conclusions were obtained:
(1) The shape of the hysteresis loops changed from a symmetrical willow-leaf to an asymmetrical sharp-leaf with the increase in the shear strain.
(2) Shear modulus, Gmax, and the values of G/Gmax decreased with an increase in sawdust inclusion for a given confining pressure. Shear modulus, Gmax, and the value of G/Gmax increased with an increase in the confining pressure for a given percentage of sawdust.
(3) Damping ratio and λmax decreased with an increase in sawdust inclusion for a given confining pressure. The damping ratio slightly increased in the shear strain range of 10 −3 to 7 × 10 −3 , while the value of λmax fluctuated as the confining pressure increased for a given percentage of sawdust.
(4) The G/Gmax-log d γ and λ-log d γ relationships matched the Hardin-Drnevich model curve,
and Gmax and λmax under various sawdust contents and confining pressures were fitted with the Hardin-Drnevich model curve, which can provide a reference for experimental research. (5) Sawdust is a degradable material. For short-term experimental research, its degradation property has little effect, but for long-term projects, like using as concrete additives or filling materials, further study on the properties of sawdust is necessary.
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(3) Damping ratio and λ max decreased with an increase in sawdust inclusion for a given confining pressure. The damping ratio slightly increased in the shear strain range of 10 −3 to 7 × 10 −3 , while the value of λ max fluctuated as the confining pressure increased for a given percentage of sawdust.
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